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Closed water recirculation system
Aquarium
The biological ﬁlter capable of simultaneous nitriﬁcation and denitriﬁcation was constructed for aquatic
animal experiments in the International Space Station (ISS). The biological ﬁlter will be used to remove
harmful ammonia excreted from aquatic animals in a closed water circulation system (Aquatic Habitat).
The biological ﬁlter is a cylindrical tank packed with porous glass beads for nitriﬁcation and dual plastic
bags for denitriﬁcation. The porous beads are supporting media for Nitrosomonas europaea and Nitrobacter
winogradskyi. The N. europaea cells and N. winogradskyi cells on the porous beads, oxidize the excreted
ammonia to nitrate via nitrite. On the other hand, the dual bag is composed of an outer non-woven fabric
bag and an inner non-porous polyethylene ﬁlm bag. The outer bag is supporting media for Paracoccus
pantotrophus. The inner bag, in which 99.5% ethanol is packed, releases the ethanol slowly, since ethanol
can permeate through the non-porous polyethylene ﬁlm. The P. pantotrophus cells on the outer bag reduce
the produced nitrate to nitrogen gas by using the released ethanol as an electron donor for denitriﬁcation.
The biological ﬁlter constructed in this study consequently removed the ammonia without accumulating
nitrate. Most of the excess ethanol was consumed and did not affect the nitriﬁcation activity of the
N. europaea cells and N. winogradskyi cells severely. In accordance with the aquatic animal experiments
in the ISS, small freshwater ﬁsh had been bred in the closed water circulation system equipped with the
biological ﬁlter for 90 days. Ammonia concentration daily excreted from ﬁsh is assumed to be 1.7 mg-N/L
in the recirculation water. Under such conditions, the harmful ammonia and nitrite concentrations were
kept below 0.1 mg-N/L in the recirculation water. Nitrate and total organic carbon concentrations in the
recirculation water were kept below 5 mg-N/L and 3 mg-C/L, respectively. All breeding ﬁsh were alive
and ate the feed well. The results show that the nitriﬁcation and denitriﬁcation abilities of the biological
ﬁlter suﬃced to keep water quality for aquatic animal experiments in the ISS. This simple and effective
system is certainly applicable to aquarium systems and aquaculture systems.
© 2014 The Committee on Space Research (COSPAR). Published by Elsevier Ltd.Open access under CC BY-NC-ND1. Introduction
Aquatic Habitat (AQH) developed by Japan Aerospace Explo-
ration Agency (JAXA) has the capabilities to accommodate small
freshwater ﬁsh as vertebrate model, e.g., medaka (Oryzias latipes) or
zebraﬁsh (Danio rerio) (Sakimura et al., 2003). The AQH will be in-
stalled in the International Space Station (ISS) for the experiments
to investigate how microgravity and the space radiation environ-
ment affect living things including human being (Watanabe-Asaka
et al., 2010). The AQH is a closed water circulation system com-
posed of aquariums, automatic feeders, water pumps, a tempera-
ture controller, an artiﬁcial lung, a biological ﬁlter, and so on. The
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2214-5524/© 2014 The Committee on Space Research (COSPAR). Published by Elsevier Lbiological ﬁlter, which is one of the most important facilities in
the AQH, has to have the capability to remove ammonia in circu-
lation water, since accommodated ﬁsh excrete harmful ammonia
continuously. The ammonia removal is generally conducted by the
biological oxidation of ammonia to nitrate via nitrite (nitriﬁcation):
NH4
+ + 3/2O2 → NO2− +H2O+ 2H+ (1)
NO2
− + 1/2O2 → NO3− (2)
The original biological ﬁlter capable of only nitriﬁcation will re-
sult in the accumulation of nitrate and a decrease in the pH. High
concentration of nitrate is toxic to accommodated ﬁsh (Shimura et
al., 2004). The pH have to be kept in the range of 7.0 to 8.5 for
the ﬁsh and the biological ﬁlter. Thus the present AQH has to have
on-orbit maintenance capabilities, such as water quality check, wa-
ter exchange, and pH control to achieve long-term experiments uptd. Open access under CC BY-NC-ND license.
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biological ﬁlters were constructed of the porous glass beads (100 mL volume), and one of the fabricated dual bags having various release rate of ethanol.to 90 days. On the other hand, denitriﬁcation reactors have been
studied for aquaculture systems (van Rijn et al., 2006; Schneider et
al., 2011; Klas et al., 2006) and aquarium systems (Grguric et al.,
2000a, 2000b; Laurin et al., 2006), since denitriﬁcation is effective
to remove the accumulated nitrate and to counteract a decrease in
the pH:
NO3
− + 5/12C2H5OH → 1/2N2 + 5/6CO2 + 3/4H2O+ OH− (3)
The denitriﬁcation reactors, however, require anoxic condition that
is unsuited to nitrifying bacteria and accommodated ﬁsh. There is
a possibility that the anoxic condition produces the hydrogen sul-
ﬁde, which is harmful to the ﬁsh. The denitriﬁcation reactors are
consequently installed in a secondary loop separated from a main
loop included ﬁsh tanks and nitriﬁcation reactors in the systems.
Membrane bioreactors (Matos et al., 2009; Sharrer et al., 2010;
Huilinir et al., 2011), autotrophic denitriﬁcation reactors using hy-
drogen or sulﬁde (Visvanathan et al., 2008; Grommen et al., 2006;
Sher et al., 2008; Vidal et al., 2002), and sequencing batch reac-
tors (Fontenot et al., 2007; Schryver and Verstraete, 2009; Roy et
al., 2010) have been also studied for denitriﬁcation in aquaculture
systems. These complicated denitriﬁcation reactors are, however,
unacceptable to a narrow space in the AQH.
We have previously described simple denitriﬁcation reactor us-
ing a dual bag (Uemoto et al., 2009). The dual bag was fabri-
cated of an outer non-woven fabric bag and an inner non-porous
polyethylene-ﬁlm bag. Denitriﬁer, Paracoccus pantotrophus cells im-
mobilized on the outer bag reduce nitrate to nitrogen gas by using
the ethanol released from the inner hermetic bag. The internal re-
gions of the outer bag are kept anoxic, since P. pantotrophus cells
and the other bacteria in the external regions consume dissolved
oxygen actively (Shoji et al., 2008; Uemoto and Saiki, 2000). Thus
the denitriﬁcation in the dual bag is hardly affected in aerobic bulk
water. The dual bag can be easily installed in the surplus space of
the original biological ﬁlter capable of only nitriﬁcation without
remodeling.
In this study, we have selected the dual bag to match with the
original biological ﬁlter (only nitriﬁcation) in the AQH. It is desir-
able that the new biological ﬁlter for the AQH has the capability
to keep the water quality for breeding small freshwater ﬁsh for
90 days without water exchange. The effect of the combination of
nitriﬁcation and denitriﬁcation on the ﬁsh breeding for 90 days
was investigated in imitation of the AQH. The biological ﬁlter ca-
pable of simultaneous nitriﬁcation and denitriﬁcation was proved
to be applicable to the AQH.2. Material and methods
2.1. Bacterial strains
Ammonia oxidizer strain N. europaea (NBRC-14298), nitrite ox-
idizer strain N. winogradskyi (NBRC-14297), and denitriﬁer strain
P. pantotrophus (JCM-6892) were used in this study. Strains were
aerobically cultured at 30 ◦C, as previously described (Uemoto and
Morita, 2010). After cultivation, N. europaea, N. winogradskyi, and
P. pantotrophus cells were harvested by centrifugation (20000 × g,
10 min, 4 ◦C) and washed 3 times with a phosphate buffer (9 g/L
Na2HPO4, 1.5 g/L KH2PO4, pH 7.5).
2.2. Effect of released ethanol on nitriﬁcation and denitriﬁcation
activities
2.2.1. Fabrication of dual bags for denitriﬁcation
To investigate the effect of released ethanol in the dual bag on
the nitriﬁcation activity, four kinds of the dual bags (four release
rates of ethanol) were fabricated of the combination of an outer
bag and four inner bags (Fig. 1A).
To fabricate the outer bag with the immobilized P. pantotrophus
cells, a non-woven polyethylene terephthalate fabric (G2260-1S;
Toray Industries Inc., Japan) was cut and heat-sealed. P. pantotro-
phus cells (28 mg dry wt.) in 1.25 mL phosphate buffer were mixed
with 3.75 mL of the photocrosslinkable polymer PVA-SbQ (SPP-H-
13; Toyo Gosei Co., Ltd., Japan). The cell mixture was spread on
both the sides of the outer bag (20 or 40 mm × 40 mm × 2
sides of outer surface area) as a 1-mm-thick layer and then solidi-
ﬁed into a gel by metal halide light irradiation (1000 μmolm−2 s−1
light intensity) for 20 min (Uemoto et al., 2009).
To construct four kinds of the inner bags (controlled re-
lease of ethanol in A: 12 mg-COD/L/day, B: 24 mg-COD/L/day,
C: 48 mg-COD/L/day, and D: 96 mg-COD/L/day), 0.05 or 0.1-mm-
thick non-porous low-density polyethylene ﬁlms (Miporon ﬁlm;
Mizwa Co., Ltd., Japan) were cut and heat-sealed to fabricate her-
metic bags (A: 0.1 mm-thick ﬁlm with 1600 mm2 of active area
for the ethanol release, B: 0.1 mm-thick ﬁlm with 3200 mm2 of
active area, C: 0.1 mm-thick ﬁlm with 6400 mm2 of active area,
D: 0.05 mm-thick ﬁlm with 6400 mm2 of active area). These ﬁlm
bags were subsequently ﬁlled with 2.0 mL volume of 99.5% (v/v)
ethanol as an electron donor for denitriﬁcation and then inserted
into the outer bag. After the insertion, the outer bag was incom-
pletely closed to emit the N2 gas produced by denitriﬁcation. The
H. Uemoto et al. / Life Sciences in Space Research 1 (2014) 89–95 91Fig. 2. Schematic ﬂow diagram of closed water circulation system for ﬁsh breeding experiment. Eight matured Medaka (from start to the 14th day) and 10 matured Medaka
(from the 14th day to the end) had been bred in the closed water circulation system equipped with the biological ﬁlter with or without the dual bag.fabricated dual bags were combined with the porous glass beads
shown in the following section.
2.2.2. Acclimation of porous glass beads for nitriﬁcation
The original biological ﬁlters were constructed by using the
porous glass beads (Siporax® 2 mm diameter; Sera GmbH, Ger-
many) used in the IML–2 mission carried out in Space Shuttle
(Uchida et al., 2002). The porous glass beads were acclimated as
follows: 500 mL (total volume) of the beads were packed into
a cylindrical tank (100 mm diameter × 500 mm high). Incu-
bated cells of N. europaea and N. winogradskyi and 3 L of fresh
medium were aerobically circulated through the cylindrical tank at
30 ◦C with adjusting pH between 7.5 and 8.4. Ammonium chloride
(15 mg-N/L) was added to the circulation water. After all ammo-
nia was oxidized to nitrate, the medium was exchanged to new
one. The acclimation of the porous glass beads was repeated un-
til the ammonia oxidation rate and the nitrite oxidation rate of the
porous glass beads reached to 500 mg-N/day and 400 mg-N/day,
respectively, per 1 L of the beads volume.
2.2.3. Comparison of performances of dual bags in closed water
circulation system
Four kinds of biological ﬁlters (Fig. 1B) were constructed of
cylindrical tanks (100 mm diameter × 50 mm high), the accli-
mated glass beads (100 mL volume), and one of the fabricated
dual bags (controlled release of ethanol in A: 12 mg-COD/L/day,
B: 24 mg-COD/L/day, C: 48 mg-COD/L/day, and D: 96 mg-COD/L/
day). One of the constructed biological ﬁlters was applied to
a closed water recirculation system, which was about 1/3-sized
imitation of the AQH, to measure the performance of ammonia
oxidation, nitrite oxidation, denitriﬁcation, and mitigation of pH
decrease of the constructed biological ﬁlters (A–D). The closed wa-
ter circulation system was composed of a water tank, a biological
ﬁlter, a water pump, and an air pump (Fig. 1C). The circulation
water in the closed system was one liter of natural water (Suntory
Natural Water obtained from Southern Japan ALPS, Suntory Hold-
ings Limited, Japan). It was kept at 26 ◦C, and circulated through
the system with water pump (100 mL/min of ﬂow rate). The cir-
culation water returned to the water tank was aerated with air
pump (100 mL/min). Based on the assumption of aquatic animal
experiments, 1.7 mg-N/L of ammonium chloride was added to the
circulation water everyday. The pH of the circulation water waskept above 7.5 by adding 0.5 M of NaHCO3 solution. The concentra-
tions of ammonia, nitrite, nitrate, and TOC in the circulation water
were measured to compare the performances (ammonia oxidation,
nitrite oxidation and denitriﬁcation rates) of the biological ﬁlters
every three or four days.
2.3. Fish breeding experiment in closed water circulation system
2.3.1. Closed water circulation system with biological ﬁlter
Small freshwater ﬁsh had been bred in a closed water circula-
tion system, which was same size of the AQH. The closed water
circulation system was composed of an aquarium with a ﬂuores-
cent light, water ﬂow meter, a biological ﬁlter, a physical ﬁlter,
a water pump, and an air pump (Fig. 2). Based on the result of the
comparison of the dual bags, the biological ﬁlter suitable for this
closed system was constructed of cylindrical tanks (100 mm di-
ameter × 100 mm high), the acclimated glass beads (300 mL vol-
ume), and the fabricated dual bags (controlled release of ethanol:
48 mg-COD/L/day). The physical ﬁlter was constructed of a cylin-
drical tank (50 mm diameter × 50 mm high), two non-woven
fabrics (50 mm diameter × 5 mm thick), and 30 g of granular ac-
tivated carbon (Hikari Carbon Pack, Kyorin Co., Japan). The physical
ﬁlter was used for the removal of solid waste and the adsorption
of organic substances such as humic acid.
An original biological ﬁlter capable of only nitriﬁcation was also
applied to the closed water circulation system to compare with the
biological ﬁlter capable of simultaneous nitriﬁcation and denitriﬁ-
cation. The original biological ﬁlter was constructed of cylindrical
tanks (100 mm diameter × 100 mm high) and the acclimated glass
beads (300 mL volume). They were same except for the addition of
the dual bag capable of denitriﬁcation.
2.3.2. Fish breeding experiment in closed water recirculation system
Small freshwater ﬁsh had been bred in two types of the closed
water circulation systems, which are the system with the biological
ﬁlter (nitriﬁcation and denitriﬁcation) or that with the original bio-
logical ﬁlter (only nitriﬁcation). The circulation water in the closed
system was four liter of the natural water mentioned above. It was
kept at 26 ◦C, and circulated through the system with water pump
(200 mL/min of ﬂow rate). The natural water was added to the
system to supply the evaporated water every two or three days.
The circulation water returned to the aquarium was aerated with
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imal experiments, 8 matured Medaka, Oryzias latipes (four males
and four females) had been bred in the aquarium with a ﬂuores-
cent light (14 h of bright and 10 h of dark) from start to the 14th
day of the breeding experiment. After the 14th day, 10 matured
Medaka (ﬁve males and ﬁve females) had been bred in the aquar-
ium. The ﬁsh were fed on the commercial feed containing about
20% nitrogen (Kyowa N400, Kyowa Hakko kirin Co., Ltd. and Oto-
hime, Marubeni Nissin Feed Co., Ltd., Japan) twice a day, six days
a week. Total weight of feed per day was 40 mg from start to the
14th day, and 60 mg from the 14th day to the end. The non-woven
fabrics in the physical ﬁlters were exchanged new ones to remove
trapped solid at the 27th day. The walls of the aquarium in the
two closed systems were cleaned at the 20th day, 27th day, and
44th day to remove algae attached on the walls. The concentra-
tions of ammonia, nitrite, nitrate, and TOC in the circulation water
were measured to compare the two systems every three or four
days.
2.4. Analysis
The ammonia concentration in the circulation water was mea-
sured colorimetrically, as previously described (Callaway, 1992).
Nitrate and nitrite concentrations were determined using an
ion-chromato analyzer (ICS-1500; Nippon Dionex K. K., Japan)
equipped with an IonPac AS12A column. The TOC concentration
was determined with a TOC analyzer (TNC-6000; Toray Engineer-
ing Co., Ltd., Japan). The pH was determined with a pH monitor
(Compact pH meter B-212, Horiba Ltd., Japan).
3. Results and discussion
3.1. Effect of released ethanol in dual bag on performance of
nitriﬁcation and denitriﬁcation
To investigate the effect of released ethanol on the performance
of nitriﬁcation and denitriﬁcation, the performances of the biolog-
ical ﬁlters combined with the dual bags were compared in the
closed water circulation systems. When 1.7 mg-N/L of ammonium
chloride was daily added to the circulation water in the system,
the ammonia concentrations in the circulation waters were ini-
tially 0.6–0.7 mg-N/L (Fig. 3A). The ammonia concentrations were
kept below 0.1 mg-N/L from 2nd to 50th day. The nitrite was not
detected (<0.01 mg-N/L) in the circulation waters for 50 days
(Fig. 3B). These results show that nitriﬁcation activity of N. eu-
ropaea cells and N. winogradskyi cells on the glass beads was kept
high regardless of the combination settings of the dual bags. The
glass beads in the biological ﬁlters were acclimated before this op-
eration. The ammonia oxidation rate and the nitrite oxidation rate
were 500 mg-N/day and 400 mg-N/day, respectively, per 1 L of the
beads volume, under the acclimating condition. These rates were
enough to treat the daily-added ammonia.
On the other hand, the nitrate produced by the nitriﬁcation
was accumulated in the circulation water (Fig. 3C). When using
the biological ﬁlter combined with the dual bag A, the nitrate
concentration gradually increased in the circulation water. At the
50th day, the nitrate concentration was 16 mg-N/L. When using
the biological ﬁlter combined with the dual bag B, C, or D, the
nitrate concentration was kept below 3 mg-N/L for 50 days. The
accumulation of nitrate was estimated to be 85 mg-N/L for 50
days without denitriﬁcation, since 1.7 mg-N/L of ammonium chlo-
ride was added to the circulation water everyday (1.7 mg-N/L ×
50 days). The active area of the dual bag A, B, C, and D were
1600 mm2, 3200 mm2, 6400 mm2, 6400 mm2, respectively. Thus
the dual bag A, B, C, and D daily removed 1.38 (85–16 mg-N/L
/50 days), 1.66 (85-2/50), 1.68 (85-1/50), and 1.68 (85-1/50) mg-NFig. 3. Time-dependent changes in the ammonia (A), nitrite (B), nitrate (C), and total
nitrogen (D) concentrations in the circulation water of the system for the effect of
released ethanol in dual bag. The systems were equipped with the biological ﬁlter
with four kinds of the dual bags having various release rate of ethanol. The symbols
of circle, triangle, diagonal cross, and cross show the dual bag having the release
rate of ethanol in 12 mg-COD/L/day, 24 mg-COD/L/day, 48 mg-COD/L/day, and
96 mg-COD/L/day, respectively.
with 1600 mm2, 3200 mm2, 6400 mm2, and 6400 mm2, re-
spectively, of the active area for denitriﬁcation. The denitriﬁca-
tion rates of the dual bag A, B, C, and D were 863, 519, 263,
and 263 mg-N/day, respectively, for 1 m2 of the active area. The
COD/N ratios of the dual bag A, B, C, and D correspond to 7.2,
14, 28.4, and 56.4, respectively. The theoretical optimum COD/N
ratio in biological denitriﬁcation using ethanol is calculated to be
2.9, since reaction stoichiometry describes that 1 mol of ethanol
can denitrify 2.4 mol of nitrate (Morita et al., 2008). A part of
organic compounds added into anoxic tanks for denitriﬁcation is,
however, consumed for aerobic respiration instead of denitriﬁca-
tion, since a little dissolved oxygen remains in the tanks. Thus,
the previous papers (Fontenot et al., 2007; Labelle et al., 2005;
Chiu and Chung, 2003) recommend 4.2–11.1 of the COD/N ratio
for actual biological denitriﬁcation. The dual bags in this study
were used in the aerobic tank for nitriﬁcation, where an adequate
quantity of dissolved oxygen existed for nitriﬁcation and aerobic
respiration. The COD/N ratio in the dual bag B, C and D was higher
than the recommended COD/N ratio. The eﬃciency in utilization
of the released ethanol was low in this study. The low eﬃciency
is certainly unavoidable in the aerobic tank. On the other hand,
the denitriﬁcation rate of the dual bag D was almost same to that
of the dual bag C, since most of nitrate in the circulation wa-
ter was removed. Thus the dual bag D released excess ethanol to
the circulation water. There is a possibility that the excess ethanol
stimulates aerobic respiration consuming dissolved oxygen and in-
hibits nitriﬁcation activity of N. europaea cells and N. winogradskyi
cells on the porous glass beads. The results, however, show that
the excess ethanol didn’t inhibit the nitriﬁcation activity severely.
Most of the excess ethanol within this range was certainly con-
sumed in the closed system without affecting nitriﬁcation.
The TOC concentrations in the circulation water of the sys-
tems were kept below 6 mg-C/L for 50 days (Fig. 4A). The dual
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ter of the system, and NaHCO3 solution supply to the circulation water (B). The
systems were equipped with the biological ﬁlter with four kinds of the dual bags
having various release rate of ethanol. The symbols of circle, triangle, diagonal cross,
and cross show the dual bag having the release rate of ethanol in 12 mg-COD/L/day,
24 mg-COD/L/day, 48 mg-COD/L/day, and 96 mg-COD/L/day, respectively.
bags A–D in the biological ﬁlters continuously released ethanol for
denitriﬁcation. The release rate of the ethanol in the dual bag D
was eight-hold higher than that in the dual bag A. Irrespective of
the difference, the TOC concentration using the dual bag D was
slightly higher than that using the dual bag A. After the operation
for 50 days, a surplus bioﬁlm was hardly observed on the dual
bag A–C and porous glass beads in the biological ﬁlters. Though a
surplus bioﬁlm was observed on the dual bag D, the porous glass
beads were kept clean in the biological ﬁlter. The circulation water
smoothly ﬂowed through the biological ﬁlters. These results sug-
gest that the ethanol released form the dual bag A–C was rapidly
consumed for denitriﬁcation. Most of the excess ethanol released
form the dual bag D was certainly consumed in the closed sys-
tem. A part of the excess ethanol was certainly used to develop
the surplus bioﬁlm. The surplus bioﬁlm on the dual bag D did not
obstruct the watercourse in the biological ﬁlter.
The pH of the circulation water in the system was constantly
kept above 7.5 by adding 0.5 M of the NaHCO3 solution. From the
start to the 10th day, the pH of the circulation water was kept
above 7.5 without adding 0.5 M of the NaHCO3 solution. From the
11th day to the end, the NaHCO3 solution was periodically added
to the circulation water to keep the pH. When using the biological
ﬁlter composed of the dual bag A, B, C, and D, the total amounts
of NaHCO3 reached to 8, 6, 4, and 3 mmol, respectively (Fig. 4B).
Denitriﬁcation certainly counteracts a decrease in the pH in the
circulation water. The counteraction in the dual bag D was, how-
ever, almost similar to that in the dual bag C, since the nitrate
concentration in the circulation water was no difference between
dual bag D and C. The counteractions in the dual bag C and D were
inconsistent with the added amounts of NaHCO3 solution. The ex-
cess ethanol released form the dual bag D was possibly used to
assimilate ammonia in the circulation water. While the oxidation
of ammonia severely affects a decrease in the pH, the assimila-
tion of ammonia hardly affects the decrease. The added ammonia
would be partly removed by the assimilation instead of the com-
bination of nitriﬁcation and denitriﬁcation.
Based on these results, the released ethanol in the dual bag
didn’t inhibit the nitriﬁcation activity of N. europaea cells and
N. winogradskyi cells on the porous glass beads severely. The dualFig. 5. Time-dependent changes in the ammonia (A), nitrite (B), nitrate (C), and total
nitrogen (D) concentrations in the circulation water of the system for ﬁsh breeding
experiment. The systems were equipped with the biological ﬁlter with the dual bag
or without the dual bag. Closed and open symbols indicate the biological ﬁlter with
dual bag and without the dual bag, respectively.
bag C (release rate of ethanol: 48 mg-COD/L/day) was selected to
keep water quality in the circulation water of the AQH. The bio-
logical ﬁlter with the dual bag C was applied to the ﬁsh breeding
experiment in a closed water circulation system, which was same
size of the AQH.
3.2. Fish breeding experiment in closed water circulation system
Based on the assumption of aquatic animal experiments in the
ISS, small freshwater ﬁsh had been bred in two types of the closed
water circulation systems. The two systems were equipped with
the biological ﬁlter with the dual bag (nitriﬁcation and denitriﬁ-
cation) or the original biological ﬁlter without the dual bag (only
nitriﬁcation). In the both system, the ammonia concentrations in
the circulation waters were kept below 0.1 mg-N/L for 90 days
(Fig. 5A). The nitrite was not detected (<0.01 mg-N/L) in the cir-
culation waters for 90 days (Fig. 5B). The ammonia excreted from
ﬁsh was rapidly oxidized to nitrate in the both systems. The glass
beads in the biological ﬁlters were acclimated before this opera-
tion. The nitriﬁcation activities of the both systems were enough
to treat the ammonia excreted from ﬁsh, regardless of the combi-
nation settings of the dual bags.
On the other hand, in the system equipped the biological ﬁl-
ter with the dual bag, the nitrate produced by the nitriﬁcation was
hardly accumulated in the circulation water (Fig. 5C). The nitrate
concentration in the circulation water was kept below 3 mg-N/L
for 90 days. The denitriﬁcation rate of the dual bag was expected
to be 266 mg-N/day for 1 m2 of the active area. The dual bag
in the biological ﬁlter demonstrated the expected denitriﬁcation
ability. In the system equipped with the original biological ﬁlter
without the dual bag, the nitrate concentration gradually increased
in the circulation water, and reached to 65 mg-N/L at the end
of the experiment for 90 days. In the system equipped with the
original biological ﬁlter without the dual bag, the nitrate produced
by the nitriﬁcation was accumulated in the circulation water. The
accumulated nitrate concentration in the circulation water was
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culation water of the system. The systems were equipped with the biological ﬁlter
with the dual bag or without the dual bag. Closed and open symbols indicate the
biological ﬁlter with dual bag and without the dual bag, respectively.
estimated 113 mg-N/L based on the N-load fed on the commercial
feed. The unknown nitrogen (48 mg-N/L) was 43% of the fed nitro-
gen in the system. A part of the unknown nitrogen was certainly
the nitrogen assimilated into the biomass, e.g., ﬁsh, algal cells, and
bacterial cells, in the system. The both systems in this study were
equipped with a physical ﬁlter. The non-woven fabrics in the phys-
ical ﬁlter were exchanged new ones to remove trapped solid a time
for 90 days. The removed solid containing residual food and feces
certainly contained nitrogen. The organic compounds in the solid
were probably used for denitriﬁcation. The activated carbon pos-
sibly adsorbs not only organic substances but also nitrate in the
circulation water (Demiral and Gunduzoglu, 2010). These plural
factors probably causes the unknown nitrogen.
In the both systems, the TOC concentration in the circulation
water was kept below 3 mg-C/L for 90 days (Fig. 6A). The TOC con-
centration in the system equipped with the biological ﬁlter with
the dual bag was similar to that using the original biological ﬁl-
ter without the dual bag. In the ﬁsh breeding experiment, uneaten
feed and feces polluted the circulation water in the both systems.
In addition to the uneaten feed and feces, the ethanol released
from the dual bag hardly affected the TOC concentration in the
circulation water. The both systems in this study were equipped
with the physical ﬁlter. The non-woven fabrics in the physical ﬁl-
ter were exchanged new ones to remove trapped solid a time for
90 days. The solid removal and adsorption of organic substances
was certainly effective to keep low level of the TOC concentration
in the circulation water.
The pH of the circulation water in the both systems was kept
above 7.5 without adding NaHCO3 solution for 90 days (Fig. 6B).
The pH using the biological ﬁlter with the dual bag was kept
higher than that using the original biological ﬁlter without the
dual bag. The denitriﬁcation conducted in the dual bag certainly
contributes to the difference of the pH. On the other hand, the pH
in the system using the original biological ﬁlter without the dual
bag was also kept above 7.5 without adding NaHCO3 solution for
90 days. The walls of the aquarium in the systems were cleaned to
remove algae attached on the walls three times for 90 days. The
algal growth in the aquarium can elevate pH levels in the water,since the algae take carbon dioxide form the water (Azov, 1982).
The take of carbon dioxide from the water certainly reduced bicar-
bonate, and raised the pH levels:
HCO3
− → CO2 + OH− (4)
The algal growth certainly takes the ammonia excreted from ﬁsh.
The assimilation probably reduced a decrease in the pH by nitri-
ﬁcation. The activated carbon in the physical ﬁlter was installed
in the systems. Laboratory studies have identiﬁed the cause of the
pH rise, which occurs during water treatment with activated car-
bon, as an interaction between the naturally occurring anions and
protons in the water and the carbon surface (Farmer et al., 1996).
The algal growth, the cleaning of the walls, and the activated car-
bon ﬁlter possibly causes in the counteraction of a decrease in the
pH. The algal growth and the additional cleaning are, however, un-
desirable for the AQH. The activated carbon is certainly unsuitable
for keeping the pH in the AQH, since the properties of the acti-
vated carbon are uneven.
In this ﬁsh breeding experiment, 8 matured Medaka (from start
to the 14th day) and 10 matured Medaka (from the 14th day to
the end) had been bred in the closed water circulation system
equipped with the biological ﬁlter with or without the dual bag.
All breeding ﬁsh were alive and ate the feed well for 90 days.
Though the original biological ﬁlter without the dual bag could
keep water quality available for ﬁsh breeding for 90 days, the ni-
trate concentration in the circulation water reached to 65 mg-N/L.
Nitrate is considered to be the least toxic to ﬁsh among inorganic
nitrogen compounds. The accumulation of nitrate is certainly un-
suited for the ﬁsh breeding experiments in the AQH, since nitrate
can affect different life stages of Medaka (embryonic development,
growth, and egg-laying capacity) even at relatively low concen-
trations (Shimura et al., 2004). The results obtained in this study
show that the dual bag is easily applicable to the AQH without
remodeling. The dual bag is certainly effective as one of the coun-
termeasures to keep water quality in the AQH for long terms. Fur-
thermore, this simple denitriﬁcation system using the dual bag is
also effective in aquarium systems and aquaculture systems.
4. Conclusions
1. The performances of the biological ﬁlter with the dual bags
having various release rate of ethanol were compared in a
closed water circulation system. The nitriﬁcation activity of the
biological ﬁlters was not severely affected by the combination
settings of the dual bags. The dual bag having the release rate
of ethanol (48 mg-COD/L/day) was suited to keep low level of
nitrate in the circulation water. The dual bags in the biological
ﬁlter repressed a decrease in the pH of the circulation water.
2. Based on the assumption of aquatic animal experiments in the
ISS, small freshwater ﬁsh had been bred in the closed wa-
ter circulation system by using the biological ﬁlter with or
without the dual bag. In the both system, the ammonia, ni-
trite, and TOC concentrations in the circulation waters were
kept low level. All breeding ﬁsh were alive and ate the feed
well for 90 days. Though the nitrate concentration in the cir-
culation water gradually increased to 65 mg-N/L in the close
system without the dual bag, it was kept below 3 mg-N/L for
90 days in the closed system with the dual bag. The dual bag
demonstrated the expected denitriﬁcation ability in the system
in imitation of the AQH.
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